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Interface Characterization of Thermoplastic Skin-
Stiffener Composite Manufactured using Laser-Assisted 
Tape Placement 
Aswani Kumar Bandaru1, Gearóid Clancy2, Daniël Peeters3, Ronan O' Higgins4 and Paul M. Weaver 5 
School of Engineering and Bernal Institute, University of Limerick 
Laser-Assisted Tape Placement (LATP) is an advanced manufacturing process which has gained the 
attention of the aerospace industry. Composite laminates manufactured using this technique have to be 
characterized effectively to assess their suitability for use in structural applications. A representative skin 
and stiffener test coupon was manufactured using the LATP method from carbon fiber (CF) reinforced 
polyether ether ketone (PEEK) tapes. The main objective was to characterize the interaction between skin 
and stiffener in terms of interlaminar shear strength (ILSS) and fracture toughness (mode-I and mode-II) 
properties. For initial ILSS tests, non-unidirectional stacking sequences were used for skin and stiffener 
to ensure failure at their interface. Further, ILSS, double cantilever beam (DCB) and end-notched flexure 
(ENF) fracture toughness tests were carried out on unidirectional (UD) skin-stiffener laminates. All the 
mechanical tests were carried out as per ASTM standards. The values of ILSS and fracture toughness in 
mode-I and mode-II were comparable with the reported results stating the competence of the LATP 
manufactured CF/PEEK skin-stiffener.  
I. Introduction 
dditive manufacturing processes are finding increasing interest in the aerospace and biomedical industries, 
due to quick production of parts inexpensively without the need for specialized tooling.1,2 In the production 
of industrial composites, three additive manufacturing techniques used in industry are: automated tape 
layup (ATL) or automated tape placement (ATP), automated fiber placement (AFP) and filament winding (FW). 
All of these processes use resin-impregnated continuous fibers, usually thermosets, also known as prepregs.3 Of 
these, ATP is an efficient method to produce large flat or curved parts.4 The LATP method for in-situ 
consolidation of thermoplastic material is shown in Fig. 1. Fiber-reinforced thermoplastic tapes bond with the 
mold under the application of heat and pressure. The laminate’s strength and stiffness can be tailored by adding 
tapes in the desired orientations. In the LATP method, formation of a good interlaminar bond is a major concern 
due to the short time available for intimate contact development and polymer healing. Therefore, tests like short 
beam interlaminar shear strength (ILSS), double cantilever beam (DCB) and end-notched flexure (ENF) are 
used to determine the bond strength and interlaminar fracture toughness.5  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Schematic of LATP method. 
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 Grouve et al.6 performed mandrel peel tests to measure the degree of bonding in carbon 
fiber(CF)/polyphenylene sulfide (PPS) composites. The bonding strength was quantified through interfacial 
fracture toughness. Comer et al.7 evaluated the performance of CF/PEEK composites by performing wedge peel 
and ILSS tests. They compared the properties of LATP composites with that of composites manufactured by 
autoclave consolidation. Stokes-Griffin et al.8 studied the influence of temperature and placement rate on short 
beam shear strength of CF/PEEK composites; it was found to be independent of process temperature at 100 
mm/s up to a temperature of 550oC. Beyond this temperature, ILSS properties were degraded. Many other 
researchers reported the short beam strength of CF/PEEK composites which are produced from heat press,9 
autoclave7,10 and autoclave re-consolidation of ATP.11,12 All these studies investigated the short beam strength of 
flat composite laminates. 
 For CF reinforced epoxy composites, typical values of GIc are within 260 J/m2.13 However, thermoplastic 
matrix systems are expected to offer improved fracture toughness.14 Gao and Kim14, studied the influence of 
cooling rate on the fracture toughness of CF/PEEK prepreg tapes. They concluded that the fracture toughness 
increased at faster cooling rates. However, in another study, Gao and Kim15 reported that a faster cooling rate 
decreased the interfacial bond strength. A slow cooling rate improved the bond strength while fast cooling 
enhanced the ductility of PEEK, which increased the fracture toughness. Hence, enhanced properties can be 
obtained by selecting different processing parameters. It can be concluded from the studies of Gao and Kim14,15 
that higher cooling rates which increase polymer ductility are beneficial for fracture toughness. Ray et al.16, 
determined the fracture toughness of CF/PEEK processed by autoclave and LATP, respectively. They concluded 
that the fracture toughness of LATP samples was higher than the autoclave specimens, as they had a more 
amorphous interlaminar bondline, due to the temperature profile experienced during processing. Significant 
plastic deformation was also reported in interior plies during double cantilever beam (DCB) tests. Vu-Khanh 
and Denault17, studied the influence of processing parameters on the CF/PEEK composites. They reported that 
mode-I energy release rate was more controlled by matrix properties while mode-II energy release rate was 
depend on the bond between fiber and matrix. Davies18 studied the influence of specimen thickness and span 
length on mode-II response of CF/PEEK composites and stated that mode-II toughness was independent of 
thickness except at short span with higher thickness specimen.  
 The published literature would indicate that the studies on the interfacial characterization of CF/PEEK 
composites are very few. In addition, characterization of CF/PEEK composites manufactured with LATP 
method is still in its infancy. More studies are required to give a better insight in LATP processes laminate 
properties, as well as to determine optimum processing parameters for this manufacturing technique.  
 The objective of the present study is to characterize the bond strength at a CF/PEEK skin-stiffener interface, 
which is manufactured using a novel LATP approach. To meet these goals, experiments were carried out as per 
ASTM standards and bond strength is quantified by performing ILSS tests and mode-I and mode-II interlaminar 
fracture toughness were quantified through double cantilever beam (DCB) and end-notch flexure (ENF) tests.   
II. Experimental studies 
A. Manufacturing of skin-stiffener 
The manufacture of the skin-stiffener for different tests was carried out in two ways. For ILSS testing 
specimens, a stiffener was manufactured first and a representative skin layer was then laid-up over this. For 
DCB and ENF test specimens; a flat plate was manufactured and cut into sections. A brass plate of the same 
thickness was inserted between the sections to simulate the mold surface between stiffeners. A skin layer was 
then laid-up over this assembly. This method was used for two reasons: one, to use less material; two, to 
maintain the dimensions as per the standards. A clear description on the manufacture of the stiffeners is 
discussed in companion work by Peeters et al.19. For ILSS test specimens, two types of layups were 
manufactured; First, for the skin; [45/-45/0]s and for stiffener; [90/45/-45/0]s. Second layup for ILSS test was all 
UD tapes in both skin and stiffener. DCB and ENF specimens layup consisted of sixteen layers of UD tapes. 
Two CF/PEEK material systems were studied; one produced by Suprem and the other by Toho-Tenax. ILSS 
tests were performed on AP skin-stiffener with Suprem tapes and UD skin-stiffener with Toho-Tenax tapes. 
DCB and ENF tests were carried out on UD skin-stiffener with Toho-Tenax tapes. Since final wing box was 
manufactured with Toho-Tenax, we were more interested in the bond strength of this skin-stiffener. 
B. Manufacturing of skin-stiffener for ILSS tests 
During the skin- stiffener specimen manufacturing process, the challenge was to maintain the same height 
between the supporting part and the stiffener, so as to facilitate a good bond. Steel box sections of the same 
height were used and shimmed to have exactly the same height. The box section had a width of about 100 mm, 
this meant that the maximum run-up length before reaching the stiffener was roughly 140 mm when the fiber 
angle is 45°. If a 90° layer is used the run-up length is only 100 mm. Since the thermoplastic tows do not adhere 
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to steel, a strip of double-sided tape was used at the start and end to keep the tows in place during and after 
placement. This is shown in Fig 2a. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(a) Set-up for laying the skin layers      (b) laying of 45° layer                          (c) laying of -45° layer  
Figure 2. Manufacturing of skin-stiffener. 
 
For the first test, a 45° layer was added on top of the stiffener, which is shown in Fig. 2b. The laying 
direction was from the bottom of the figure towards the top. As can be deduced from the slackness of the fibers 
at the bottom and the tension in the fibers on top, the double-sided tape does keep the tow in place, but not under 
tension. Once the tow passes over the stiffener, the tape is under tension, suggesting there is a good bond 
between the stiffener and this layer. Another observation is that better alignment was achieved towards the end: 
as the tow and roller come down the tow is sometimes caught on the tape. This misalignment is fixed by the 
time the stiffener is reached, so it has no influence on the test samples of the stiffener-skin interface. Afterwards, 
a -45° layer was laid on top of this, as can be seen in Fig. 2c. Here some extra double-sided tape had to be added 
because some tows were not on top of the previous layer and were not staying down. From this point onwards, 
the manufacturing methodology was the same as for standard LATP. In a similar manner, a sixteen layer UD 
skin-stiffener was also manufactured for its ILSS characterization. 
 
C. Manufacturing of skin-stiffener for DCB and ENF tests 
For skin-stiffener manufacture for DCB and ENF test specimens, a flat laminate was manufactured, by 
mimicking the manufacturing process, meaning the tow is first laid on top of metal, then on a composite part, 
and finally again on a metal part. To achieve this, a flat plate was manufactured and cut into sections, a brass 
plate of the same thickness was inserted between the sections to simulate the mold surface between stiffeners. A 
skin layer was then laid-up over this assembly. For DCB and ENF test specimens, sixteen layers of 
thermoplastic material were required. Furthermore, a 50 mm crack initiator insert had to be placed at the mid-
plane of the specimens; this was achieved by using polyimide tape. A schematic view of manufacturing 
approach is shown in Fig 3. The first brass part was 150 mm long to allow the LATP laser power to stabilize. In 
the first two parts the crack was located at the end since it was expected that the bond strength at the start may 
be smaller. The third part was made the opposite way, with the crack at the start to check that the bond strength 
was good all the way through. 
 
  
 
 
 
 
 
 
 
 
 
Figure 3. Schematic of the manufacturing approach. (all dimensions in mm) 
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The part before manufacturing can be seen in Fig 4a. The brass plates had to be tied down to secure them in 
place. The composite part was also tied down to allow the tows to bond to it and make sure the tows are under 
tension. However, during manufacture, the part had a tendency to come up at one side (left) of the plate. As can 
be seen in Fig 4c, the plate is not fully flat, but the samples to be cut are sufficiently small so it should not have 
an influence on the characterization tests. A possible solution in the future is to make the composite ‘base’ plate 
wider, such that it can also be secured as well as the brass plate. 
 
 
 
  
 
 
 
 
 
 
 
 
 
         (a) Composite with brass plates in between          (b) Extra layers laid down      (c) final panel (right) 
Figure 4. Set-up for manufacturing of skin-stiffener for DCB and ENF tests. 
 
III. Interface Characterization 
A. ILSS Characterization 
Interlaminar shear strength (ILSS) tests were carried out as per ASTM D 2344.20 The specimens for ILSS 
testing were prepared from a representative stiffened panel. ILSS was determined for the skin-stiffener 
laminates, which were manufactured with configurations of angle ply (AP) and UD. Specimens were cut to the 
dimensions: 20 mm x 10 mm x 2.28 mm. Tests were performed with a Tinius Olsen H25KS test machine. As 
shown in Fig. 5, the specimen was placed on two cylindrical supports of 3 mm diameter and a 6 mm diameter 
cylindrical head was used to apply the load at a rate of 1 mm/min until the first failure was recorded. Four 
samples were tested for each configuration. ILSS was measured using the following equation:20 
max3
4
s
P
bh
                                                                                                                                    (1) 
where σs  is the ILSS, Pmax is the maximum load obtained from test, b is the width and h is the thickness of the 
specimen.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. Typical test set-up for ILSS and the test specimen. 
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B. DCB and ENF Characterization 
For DCB and ENF characterization, a sixteen layer skin-stiffener with UD configuration was manufactured. 
and specimens were prepared as per ASTM D 5528,21 and ASTM D 7905,22 respectively. Tests were performed 
with a Tinius Olsen H25KS test machine with a load cell of 1 kN. The specimens were prepared using a 
diamond blade cutter using precautions not to induce delamination and the geometry of the test specimens is 
shown in Fig 6. Five samples were tested for each characterization. 
 
 
  
 
 
 
 
 
 
 
 
 
Figure 6. Skin-stiffener under mode-I and mode-II loading. 
 
 In the case of DCB test specimens, loading blocks of 25 x 12.5 mm2 were adhered to the specimens using an 
adhesive. The load was applied through blocks in displacement control mode at a speed of 2.5 mm/min. Test 
specimens for DCB and its set-up is shown in Fig 7. Markings were made along the thickness of the specimens 
from the crack tip to capture the propagation of delamination. A digital camera was used to record crack 
propagation and these images were successively used to measure the crack length. 
 
  
   
 
 
 
 
 
 
 
 
 
                           (a) Test specimens                             (b) Test set-up 
Figure 7. DCB characterization. 
 
 Mode-I fracture toughness was calculated using modified beam theory according to the ASTM D 5528 
standard.21 The equation used was:21 
 
3
2
Ic
P
G
b a


 
                                                                                                                          (2) 
where, GIc is mode-I fracture toughness, P is the load, δ is the load point displacement, b is the width, a is the 
delamination length. Δ was determined experimentally by generating a least squares plot of cube root of 
compliance (C1/3), as a function of delamination length. The compliance C, is the ratio of load point 
displacement to the load (δ/P). 
The ENF tests were carried out similar to that of 3-point bend test as per ASTM D 7905 standard.22 The 
specimens were placed between the cylindrical rollers of 5 mm and a roller of 6 mm diameter was placed on the 
center of the specimen. A span of 80 mm was used for this test. Markings were made on the specimen as shown 
in Fig 8, which assist in the visual detection of the delamination tip and in making compliance calibration (CC). 
The edges were marked with three vertical CC markings, within the expected crack region, at a distances of 20 
mm, 30 mm and 40 mm from the tip of the insert.22 Loading was applied under displacement control at a rate of 
0.5 mm/min for all CC markings. For each test condition five samples were tested.  
All dimensions are in mm 
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Figure 8. Test specimen for ENF characterization. 
 
Mode-II fracture toughness was calculated using the CC method as per the following equation:22 
2
max 03
2
IIc
mP a
G
b
                                                                                                                             
(3) 
where, Pmax is the maximum load from the test, a0 is the crack length used in the fracture test and b is the 
specimen width. m was determined using least square analysis of the compliance versus crack length cubed (a3).   
 
IV. Results and discussion 
A. ILSS Tests 
The bonding between LATP manufactured skin and stiffener was characterized through ILSS tests. It was 
anticipated that failure by interlaminar shear would occur at the skin/stiffener interface. Due to pre-existing 
machining induced delamination in the specimens, ILSS tests on initial specimens exhibited lower bonding 
strength. Later, specimens were cut from the skin and stiffener laminate by a diamond blade cutter using 
precautions not to induce delamination. It was found that these specimens did not show any initial delamination.  
The ILSS behaviour of both UD and AP skin-stiffener laminates are discussed in this section. Four samples 
were tested for each configuration. Load-deflection behavior of the skin-stiffener laminates with UD and AP 
configurations is shown in Fig. 9. However, ILSS of both configurations was not compared due to the change in 
the number of layers in the material. Moreover, the material of the UD specimens was different than the AP 
specimens. The only difference between UD and AP specimens was the load, however, the ILSS was 
comparable which is shown later. During the compression loading in ILSS, the load increased proportionately 
with deflection, until it reached a peak load. After the peak the drop in the load showed a gradual decrease, 
indicating the toughness of the PEEK matrix used. Both the UD and AP laminates showed similar behavior. The 
peak load was used to determine the ILSS between the skin and stiffener.  
 
  
   
       
 
 
 
 
 
 
 
 
                    (a) UD (Toho)                                                     (b) AP (Suprem) 
Figure 9. Typical load vs deflection for ILSS of skin-stiffener with different configurations. 
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 As the manufacture of the skin-stiffener was different from conventional laminates, the ILSS obtained from 
the present study were compared with the existing reported research. Fig. 10 shows the comparison of ILSS for 
skin-stiffener with two configurations considered. It was observed that the ILSS obtained from this study is 
acceptable, as it was in the range of values reported in the literature. As the material used for UD laminate was a 
new material (Toho-Tenax), it exhibited ILSS equivalent to the existed aerospace grade materials. The 
quantitative comparison of ILSS is presented in Table 1.   
 
   
   
 
 
 
 
 
 
 
 
 
 
 
Figure 10. Comparison of ILSS for skin-stiffener. 
 
Table 1. ILSS for skin-stiffener with two configurations. 
No. of Studies Material ILSS (MPa) % Difference 
Present study Toho-UD 47.4±1.6  
Tierney and Gillespie11 APC-2/PEEK (UD) 40.8 13.9 
Bastien and Gillespie23 APC-2/PEEK (UD) 41.8 12.3 
Mazumdar and Hoa24 APC-2/PEEK (UD) 35.7 24.7 
Agarwal et al.25 APC-2/PEEK (UD) 50.0 5.1 
Rosselli and Santare26 APC-2/PEEK (UD) 46.0 3.0 
Comer et al.7 Suprem-UD 78.0 Cannot compare as 
the orientation is 
different Present study Suprem-Angle ply 46.4±1.7 
 
ILSS failure modes for the skin-stiffener for UD and AP configurations are shown in Fig 11. Both the 
specimens showed clear interlaminar shear failure. However, there was a slight difference in the failure of the 
specimens. In UD specimens (Fig. 11a) delamination occurred mostly either at the top layers or at the bottom 
layers. At the interface between skin-stiffener, no delamination was observed. It indicates that the bond strength 
between skin and stiffener is at least as high as in the skin and in the stiffener. However, in AP specimens (Fig. 
11b), delamination was observed at multiple locations due to the different orientation of tapes. Major 
delamination was observed between the 45o and 90o layers. It was also observed that other failure mechanisms 
also contributed to the damage. 
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                                (a) UD (Toho)                                      (b) AP (Suprem) 
Figure 11. Interlaminar shear failure of skin-stiffener. 
 
  
B. DCB results 
DCB tests were performed on LATP manufactured UD samples to characterize the mode-I behaviour of the 
skin-stiffener laminate. The strain energy release rate was determined based on the modified beam theory.21 In 
DCB test initial crack length was 43.75 mm and was propagated to 98.75 mm during the test. Experimental 
compliance against crack length and interlaminar fracture toughness (GIc) against crack length (a) are shown in 
Fig 12. The compliance (Fig. 12a) was increased linearly with an increase in the crack length consistently for all 
the specimens tested. This showed that the implemented beam theory was correct and the implemented   for 
the calculation of strain energy release rate was accurate. 
 
 
   
 
 
 
 
 
 
 
 
 
              (a) Compliance vs crack length                                   (b) GIc vs crack length  
Figure 12. Typical mode-I response of LATP produced skin-stiffener. 
 
The value of GIc in mode-I was obtained according to ASTM D 5528 using the modified beam theory data 
reduction method, as it promotes the most conservative values of GIc. It was observed that at the initial crack 
stage, GIc increased with an increase in the crack length. After reaching a peak value, or near to peak value, it 
was almost constant. This behavior of GIc is similar to that of other studies reported in the literature.5,27 
Specimens 1 and 5, failed dramatically before reaching a crack length of 98.75 mm. Hence, the GIc of these 
specimens was shown to a crack length of 68.75 mm and 78.75 mm, respectively. GIc at different crack lengths 
for all specimens is presented in Table 2. The values of GIc obtained in this study compare well with the values 
of carbon/PEEK composites reported in the literature, which are also included in the Table 2. The mode-I 
fracture energy of the LATP manufactured skin-stiffener varied between 0.45 kJ/m2 and 1.91 kJ/m2.  
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Table 2. Mode-I fracture energy of LATP processed skin-stiffener. 
 Mode-I fracture energy (GIc, kJ/m2) 
Literature Crack 
length (mm) 
S-1 S-2 S-3 S-4 S-5 
43.75 1.41 0.58 0.56 0.80 2.10 1.5-1.6 kJ/m2  
(Vu-Khanh and Firkha)17 44.75 0.87 0.20 0.19 0.12 0.84 
45.75 1.10 0.26 0.29 0.21 0.94 1.2-2.5 kJ/m2  
(Gao and Kim)14 46.75 1.21 0.31 0.34 0.27 1.13 
47.75 1.19 0.42 0.42 0.31 1.18 1.67 kJ/m2  
(Ray et al.)16 48.75 1.27 0.45 0.44 0.32 1.19 
58.75 1.59 0.80 0.80 0.65 1.41 2.15 kJ/m2  
(Ray et al.)16 68.75 1.59 1.30 1.19 1.02 1.43 
78.75 -  1.90 1.77 1.34 1.29  
88.75  - 2.02 2.01 1.64  -  
98.75  - 2.07 2.05 1.61  -  
S-denotes sample  
  
 The DCB specimen fracture surface is shown in Fig 13. Visual inspection revealed a smooth surface with a 
stable crack growth throughout. The fracture surface obtained by Ray et al.16 for autoclave consolidated 
CF/PEEK exhibited grey zones for crack initiation and dark zones for crack growth.  
 
 
  
 
 
 
 
          (a) LATP (Present study)                                              (b) Autoclave (Ray et al. 2015) 
Figure 13. Mode-I fracture surfaces. 
 
C. ENF results 
The Mode-II interlaminar fracture toughness of LATP manufactured skin-stiffener was obtained based on 
the compliance calibration method. The compliance of each specimen for the different crack lengths was 
calculated as per the procedure described in ASTM D 7905.22 All the values of compliance versus crack length 
cubed are shown in Fig 14. The compliance values revealed that they increased linearly with respect to the 
propagation of the crack. This response of the mode-II ENF skin-stiffeners compliance represents the bending 
stiffness of the specimens.27  
 
    
    
 
 
 
 
 
 
 
 
 
Figure 14. Compliance of the ENF specimens. 
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A comparison of the skin-stiffener mode-II ENF interlaminar fracture toughness from this study and that 
reported in the literature is given in Table 3. It shows that the mode-II toughness of the present skin-stiffener is 
in good agreement with reported CF/PEEK mode-II toughness data. In the present study, the mode-II toughness 
varied between 1.44 kJ/m2 to 2.48 kJ/m2 for a span of 80 mm. The study of Davies18 reported mode-II toughness 
within the range between 1.70-2.40 kJ/m2 for the same span for CF/PEEK specimens. 
 
Table 3. Mode-II fracture toughness of LATP processed skin-stiffener. 
Sample No. 
Mode-II fracture toughness 
(GIIc, kJ/m2) 
Literature 
(Davies)18 (kJ/m2) 
1 2.48 
1.70-2.40 
2 1.46 
3 2.14 
4 1.44 
5 2.47 
V. Conclusions 
A representative omega-stringer stiffened panel was manufactured from CF/PEEK using a novel LATP 
method. Bonding between the skin-stiffener was characterized through ILSS, DCB and ENF tests. The 
following conclusions were made. 
➢ The characterization results showed that the skin-stiffener manufacturing method was successful. 
➢ The skin-stiffener exhibited a clear interlaminar shear stress failure under ILSS test conditions, however, at 
the bond line of the skin and stiffener failure was minimum, indicating a strong bond. 
➢ The ILSS, DCB and ENF test results for the skin-stiffener revealed properties that are comparable with the 
properties of certified aerospace grade materials reported in the literature. This indicates that the tapes used 
in the present study have potential to use in aerospace structures. 
➢ Further investigations are required to characterize the properties of the skin-stiffener to assess the effect of 
variable angle tows (steered fibers) on the interface bondline.  
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